Introduction
Steel corrosion is one of the most dominant causes for the premature degradation of reinforced concrete structures. It has been a topic of widespread interest to those concerned with the service performance and residual life of existing concrete structures.
Although the collapse of reinforced concrete structures directly as a result of steel corrosion has rarely been reported, maintenance of these deteriorated structures has been a heavy burden on owners and users of such structures.
One of the principal effects of steel corrosion on structures is the cracking of concrete, which is caused by the volumetric expansion of corroded steel bars. As an electrochemical process initiated by concrete carbonation and/or chloride intrusion, corrosion of a steel bar in concrete involves both dissolution of iron ions from bar surface and transformation of the dissolved metal into corrosion products, i.e., rusts.
Some of these rusts may possibly migrate into any voids inside the concrete, and even permeate the concrete cover and remain on the concrete surface as stains, which do not damage the integrity of the concrete. However, other rusts might accumulate between the corroding bar and its surrounding concrete. Since the rusts occupy a larger volume than their parent metal, a radial expansion of a corroding bar would take place around its circumference, which causes a hoop tension and radial compression strains within the surrounding concrete. As corrosion of a steel bar continues both hoop tension and radial compression strains of concrete increase. Once the maximum tensile strain of the concrete due to its hoop and radial strains exceeds its deformation capacity, cracking, spalling and even delamination, of concrete cover can occur.
Cracking of concrete due to steel corrosion has substantial influences on performance and safety of a concrete structure. It not only affects structural aesthetics and serviceability, but also accelerates the corrosion process of steel bars by providing ample oxygen and water through the developed cracks [1] , which in turn promotes the further development of cracks in the concrete. In addition, the cracking and, in particular, the delamination of concrete cover can impair the bond between corroded bar and its surrounding concrete and decrease the effective sectional area of structural members. As a result, it will very likely alter the mechanical behaviour of a structure and may even reduce its residual capacity and service life.
Over the past decades a number of experimental investigations have been conducted to study the effect of corrosion on both performance and cracking of concrete structures [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In these investigations, the corrosion of a steel bar in the concrete was reproduced artificially either by applying an internal pressure or conducting accelerated corrosion tests. Both the occurrence of the first cracks and their further development on the concrete surface were monitored and recorded externally. On basis of the experimental results, it was found that internal pressure and/or amount of corrosion required for cracking almost increase linearly with the thickness of concrete cover. Owing to corrosion of multiple bars, cracks occur not only on the external surface of the concrete along the longitudinal corroded bars, but also between two adjacent corroded bars, which eventually causes the delamination of concrete cover, as typically shown in Figure 1 . However, the magnitudes of the internal pressure or amount of corrosion for cracking were less consistently reported by different researchers because of the different concrete mixes and different testing techniques adopted. In addition, the above experimental results are mainly based on the external observation of the physical specimen. They were unable to reveal both initiating mechanism and propagation process of the corrosion-induced cracks in the concrete.
As a result, finite element method was brought into this research field, and facilitated an effective tool to study the corrosion -induced cracks in the concrete [15] [16] [17] [18] [19] [20] [21] . In these FE analyses, reinforced concrete beams or slabs were idealised as three or two dimensional analytical models. The expansive behaviour of corrosion products was modelled either as an internal pressure or a prescribed displacement or a volumic expansion of the joint interface element between concrete and steel bar. According to FE results, it has been found that the cracking of concrete initiates and develops as a result of an increase of the radial expansion of corroding bars. If the permeation of corrosion products from a corroding bar into its surrounding concrete cover and into the developed cracks were taken into account, both critical amount of corrosion for concrete cracking and the width of concrete cracks could be well estimated [21] .
Otherwise, the FE results would under-estimate the above critical value [15, 17] .
However, most of the analytical results reported so far were obtained using individually developed finite element package, and were validated using galvanostatic experimental results, which actually differ from those in real world of corrosion damaged concrete structure [21] . In particular, little attention has been paid to the engineering interpretation of FE results and the effect of key parameters of a concrete beam on its cracking and delamination.
Hence, this paper aims to discover the mechanism of cracking and delamination of concrete beam due to steel corrosion and to study its variation with the main parameters, i.e. bar diameter, concrete cover and bar clear distance using the commercial software package-LUSAS [22] . A series of reinforced concrete beams were idealised as a 2-D model via its cross-section. The corrosion of steel bars in concrete beams was simulated using an increasing radial expansion. The FE analytical results are validated using the experimental results of corroded concrete beams, before their engineering implications are summarised.
Research Significance
In addition to corrosion stains, cracks on the concrete surface along a corroded steel bar are another sign of corrosion of steel bars embedded in concrete members, which not only affects external appearance and serviceability of structures, but can also impair their residual capacity and service life.
An improved understanding of the initiating mechanism, development and controlling parameters of beam cracking would help design engineers to minimise the risk of corrosion cracks occurring in new structures. Particularly, it would assist practising engineers in their selection of the appropriate management strategy for corroded structures.
Analytical Model and Methods
Concrete beams that were analysed in this work were assumed to have rectangular cross-sections, be singly reinforced using four round steel bars with the same diameter, and be subjected to corrosion of the four steel bars simultaneously.
It was noted that both cracking and delamination of concrete beams due to steel corrosion are mainly caused by the radial expansion of corroded steel bars. The main purpose of this research was to understand the mechanism of initiation and development of beam cracking with particular reference to the influences of the relevant parameters. Therefore, the above three dimensional (3-D) reinforced concrete beams were idealised as two-dimensional (2-D) analytical models via their cross sections. Furthermore, taking into account of both symmetry of a beam section about its central line and the assumption that its four steel bars had the same diameter and corroded simultaneously, only one half of the beam cross section was taken as the analytical model, as shown in Figure 2 .
The vertical symmetrical line of the beam section was assumed to be restrained against rotation and horizontal displacement, but its other three sides were free. Each steel bar with a round circle of circumference within the beam section was modelled as a polygon with its 64 nodes equally distributed around the bar 'circumference' and mechanically pinned. The radial expansive behaviour of corroded steel bars was modelled by an increasing radial uniform displacement that takes place simultaneously at each of these nodes around each bar, as shown in Figure 2 . Such a radial expansion actually is imposed on to the internal surface of concrete cover around each bar and subjected confinement from surrounding cover concrete before its full cracking. Three key design parameters, i.e., bar diameter, bar clear distance and concrete cover, as indicated in Figure 2 , which affect the corrosion cracking of concrete beams with the given properties of steel and concrete, were considered analytically,. As summarised in Table 1 , the bar diameters of concrete beams were taken as d= 8, 16, 20, 25, 32, 40, 45, 50, 58 and 65 mm, the bar clear distances were s = 20, 40, 45, 50, 60, 70, 80, 90 and 100 mm, and the concrete covers were c=10, 25 and 35 mm. The depth and breadth of these reinforced concrete beams were consequently in the ranges from 480 to 540 mm and from 160 to 450 mm, respectively, to accommodate the above parameters. It should be pointed out that some of the bar diameters, such as 40 mm and 65 mm, etc. are not commonly used in practice, but were included in the FE analysis to gain more overall understanding of the effect of the bar diameter on the beam cracking.
The analysis of the cracking of a beam section due to corrosion of reinforcement was conducted using finite element software -LUSAS version 14.1 for its analytical capabilities of modelling cracking, crushing and characteristic behaviour of the concrete in a consistent and robust manner. The half of the beam section was further meshed into a number of quadrilateral plane elements with 8 nodes with the fine mesh adopted for the concrete nearby the circumference of steel bar, as shown in Figure 3 . Here, three meshing regimes were first included in the analysis of typical beam section with a diameter of 20mm of four bars at a clear distance of 40 mm and covered by 25mm concrete cover for the purpose of checking its mesh dependency.
The beam concrete was simulated using the Concrete Model 94 (nonlinear, plastic, Multi-crack concrete) as defined in the LUSAS Manuals [22] . This model is a plasticdamage-contact model, in which damaged planes form according to a principal stress criterion and then develop as embedded rough contact planes. The basic softening curve in the model is dominated via a fracture-energy controlled softening curve [22] .
Both compressive strength f cu and tensile strength f t of the concrete adopted the test data of 31.3 N/mm 2 and 2.83 N/mm 2 , respectively, as reported by Clark and Saifullah [5] .
Both elastic modulus and Poisson's ratio were taken as E c =30687 N/mm 2 and =0.2.
Both the strain to peak compressive stress  0 and ultimate compressive strain  cu as 0.002 and 0.0035. The rest data adopted the values as recommended in LUSAS Manuals [22] For the purpose of clarifying the initial mechanism and development of beam cracking due to steel bar corrosion, the amount of radial expansion determined using the FE model was deemed to be equivalent to the amount of corrosion that was needed for that type of beam cracking using Equation 1 [15] .
Where,
is the amount of corrosion (%), R 0 is the radius of the noncorroded bar, R c is the remaining radius of a corroded bar,
R R c is the net radial expansion of a corroded bar in term of radial expansion (mm), as prescribed in the finite element analysis.  = the coefficient of volume expansion of corrosion products [15] However, it should be noted that the amount of corrosion for concrete cracking calculated using the radial expansion from a finite element is generally much smaller than those measured from corrosion tests. This is because a significant amount of corrosion products in corrosion tests diffused into the concrete pores and dissipated out of the concrete. Hence, the issue of the diffusion of corrosion products into concrete pores has to be considered whenever extrapolating laboratory data to field conditions and whenever using analytical corrosion models to predict real structural behaviour [15] .
Furthermore, it was assumed that corrosion expansion around a bar circumference is uniform and the rate of corrosion during the period of structural service is constant.
Therefore, the larger is the calculated radial expansion, the greater is the amount of corrosion that is needed for that particular type of beam cracking, and the latter that type of cracking would occur.
It should be pointed out that, in practice, the corrosion of a steel bar is not always uniform but varies around its sectional circumference and along its longitudinal length, which does affect the cracking of the concrete, as addressed previously [15] . The different steel bars in a concrete beam may corrode at different rates, which would affect the cracking, including cracking initiation, development mechanism and cracking patter of a concrete beam. For simplicity and for the specified research purposes, however, the corrosion of different steel bars in the concrete beams was assumed to be uniform and simultaneous. It was simulated with the same uniform radial expansion (displacement) incrementally applied to each of the nodes of the two steel bars.
FE Analytical Results and Discussions

Mechanism of Cracking and Delamination of Beam due to Steel Corrosion
Taking a concrete beam with 20 mm diameter bars, 40 mm clear distance and 25 mm concrete cover as a typical example, the initiating mechanism and developing progress of beam cracking due to steel corrosion in term of radial expansion are shown in It should be pointed out that since the permeation of corrosion products from the 'corroding bars' into the voids of their surrounding concrete were not taken into account, the above calculated radial expansion using FE analysis would well understate the amount of corrosion for beam cracking. However, this is not the case to be investigated in this paper.
Mesh Dependency
Also taking a concrete beam with 20 mm diameter bars, 40 mm clear distance and 25 mm concrete cover as an example, the cracking and delamination of beam section under three different meshing regimes, as shown in Figure 3 , are shown in Figure 5 .
It is clear that both types of beam cracking due to steel corrosion and the corresponding radial displacement required for the same types of beam cracking don't vary too much with the different meshing regimes of beam section. In other words, the FE analytical results don't depend on the meshing regime. As a result, in the subsequent analysis would be conducted using meshing 2.
The FE analytical results also indicated that, for all reinforced concrete beams considered, the radial expansion that was required for Internal Cracking was the smallest and consequently Internal Cracking always occurred first. As summarized in 
Effect of Concrete Cover on Beam Cracking
For concrete beams with 20 mm diameter bars and a clear distance of 20mm, 40mm, 60mm, 80mm and 100mm, the effect of concrete cover on beam cracking is shown in
Figures 10 to 13, respectively, for Internal Cracking, External Cracking (HS) and
External Cracking (VB) and Internal Penetration. Hence, an increase of concrete cover increases the radial expansion for External Cracking (HS) and External Cracking (VB) and therefore delays the occurrence of the cracks occurring on beam surfaces
Since an increase of concrete cover from 10 mm to 35 mm causes a decrease of the ratio s/c, the effect of concrete cover on Internal Penetration of concrete beams depends on bar clear distance, as shown in Figure 13 . It is clear that, as long as bar clear distance is such that the ratio s/c is less than about 2.2, the concrete between the adjacent corroded bars is first penetrated, and, therefore, concrete cover has little influence on
Internal Penetration of concrete beams. As shown in Figure 13 , for a bar clear distance of 20 mm, as concrete cover increases from 10 mm to 35 mm, the ratio s/c reduces from 2.0 to 0.57, which is less than 2.2. Therefore, the radial expansion to cause Internal Penetration is essentially constant at 0.0016 mm.
In contrast, once bar clear distance is such that the ratio s/c is larger than about 2.2, the corrosion cracks would penetrate the concrete cover first and eventually reach the beam's surface. As a result, concrete cover has a substantial influence on the radial expansion for Internal Penetration. As shown in Figure 13 , for a bar clear distance of 100mm, as concrete cover increases from 10 mm to 35 mm, the ratio s/c decreases from 10.0 to 2.86, which is larger than 2.2. As a result, the radial expansion to cause Internal
Penetration is approximately halved as the cover increases. In other words, for a concrete beam with a large bar clear distance, an increase of concrete cover increases the likelihood of the delamination of concrete cover due to steel corrosion. 
Effect of Bar Diameter on Beam Cracking
For concrete beams with a bar clear distance of 40 mm and a concrete cover of 25 mm, the effect of bar diameter on their corrosion cracking is shown in Figure 14 .
It is clear that a change of bar diameter dominates Internal Cracking. The radial expansion to cause Internal Cracking increases almost linearly with bar diameter. This is due to the fact that Internal Cracking occurs approximately when the circumferential tensile strain  cr of the concrete due to the radial expansion ∆ of a corroding bar with a diameter of d equals the tensile strain capacity of the concrete  ct, i.e.,
As a result, the radial expansion to cause Internal Cracking of a concrete beam is:
Since the tensile strain capacity,  ct , varies with the type and strength the concrete only, for the given concrete, the radial expansion  for Internal Cracking of concrete beam does vary linearly with its bar diameter. Following the External Cracking (HS) due to a smaller radial expansion, as shown in Figure 14 , some hoop tensile strain is released and more corrosion needs to be built up for External Cracking (VB). Therefore, the radial expansion to cause External Cracking (VB) rises as bar diameter increases, as shown in Figure 14 . Figure 14 also illustrates that, if bar diameter is less than about 16mm, the corrosion cracks may likely be observed first on the bottom surface of concrete beams, i.e.,
External Cracking (VB). Otherwise, they may first on the side surfaces of concrete beams, i.e., External Cracking (HS).
In summary, bar diameter hardly affects corrosion for Internal Penetration, but it dominates and alters the radial expansion for Internal Cracking almost linearly. In addition, an increase of bar diameter slightly decreases the radial expansion to cause
External Cracking (HS) but increases those to External Cracking (VB).
Validation of FE Analytical Solutions
An experimental investigation was conducted independently on reinforced concrete beams to study the effect of steel corrosion on their mechanical behaviour as well as concrete cracks [23, 24] . These concrete beams had the same cross section of 150 mm wide by 200mm deep and the same links of 8mm diameter bar, but with different configurations of steel bars, which were subjected to an accelerated corrosion. As summarised in Table 2 , the nominal size of the concrete cover to the steel bars was 20
mm. Due to the top-casting of the concrete, however, the actual concrete cover to the top steel bars of the beams C124 and C162 were 17 mm and 25 mm, respectively.
Either the bottom tension bars or the top compression bars within the midspan region of these simply supported beams were artificially corroded to simulate the deterioration process that may occur within practical corroded structures. During the period of either 2 or 4 months of corrosion under direct currents of 0.35, 0.45 and 0.90 mA/cm 2 , the occurrence of the first cracks on beam surfaces as well as their further development were externally observed with the widths of the cracks measured using a crack comparator. After the corrosion of steel bars reached the anticipated levels, the cracks on the beam surfaces were highlighted using black pen and photographed, as tabulated in Table 2 , which was followed by loading tests on the corroded beams to investigate the residual strength and ductility of corroded beams. At the end of the tests, the concrete covers of the corroded bars were removed from tested beams to check the internal penetration in the concrete between corroded bars, before the corroded bars were taken out of the beams to measure the amount of corrosion. By combining the information from the observation of concrete cracks on beam surface and the corrosion products left in the concrete between corroded bars, the cracking pattern of the beam sections were schematically summarised in Figure 16 [24].
Both Table 2 and Figure 16 indicate that all of the cracks on beam surfaces were along the corroded steel bars and always occurred in the direction where the thickness of concrete cover was smallest. For beams C124 and C162 with minimum concrete covers of 20 mm and 17 mm, respectively, the corrosion cracks appeared on their side and top surfaces, respectively. This is consistent with the FE results shown in Figures 11 and   12 , corresponding to the effect of concrete cover on External Cracking (HS) and (VB).
Hence, the corrosion for the cracks to be externally observed on concrete surface does vary linearly with the thickness of concrete cover. Corrosion cracks would likely occur at where the thickness of concrete cover is the smallest.
For the beams T322, T163 and T164 with 46 mm bar clear distance and 20 mm concrete cover, their ratio of s/c was equal to 2.3, which is close to the critical value of 2.2, the corrosion products were observed in the concrete between the corroded bars, after their concrete cover was removed at the end of the test. Therefore it can be assumed that the concrete between corroded bars was penetrated internally, i.e., Internal Penetration, as shown in Table 2 and Figure 16 . This agreed well with The most of the concrete between the corroded bars of the beams C124, C162, T282, T122 and R122 had fresh surface without corrosion products left, after their concrete cover were removed. This is also consistent with Figures 7 to 9 for the case of the ratio s/c greater than 2.2. Hence, as long as bar clear distance is not less than about 2.2 times of concrete cover, the internal penetration of the concrete between corroded bars could be prevented from happening prior to the appearance of surface cracking.
However, a minor difference between the FE analytical and experimental results should be noted. For beams with the ratio s/c larger than 2.2, Figures 7 to 9 show that External Cracking (HS) and External Cracking (VB) should be followed by Internal Penetration. However, Table 2 and Figure 16 indicate that External Cracking (HS) and
External Cracking (VB) occurred without Internal Penetration. This is due to that fact that, once corrosion cracks first penetrated the cover concrete, the hoop tensile strain in the concrete was released and a significant amount of corrosion products could be dissipated through the developed cracks. Hence, in the tests, less corrosion products would be available to build up further pressure around the bars to cause subsequent
Internal Penetration.
From the above comparison and discussion, it is clear that overall the FE analytical results agree well with experimental observations that were made on corroded concrete beams.
Engineering Implication of FE Results
In order to meet the requirements of structural durability, the Eurocode BS EN 1992 defines the service environment of a structure and specifies the minimum concrete cover in the range of 10 to 55 mm [25] . To control the cracks under service actions, rather than the cracks due to steel corrosion, BS EN 1992 gives limits on either maximum bar diameters in the range from 4mm to 40 mm or bar spacing from 50mm to 300 mm, depending on the stress level and the allowable crack width. To ease concrete casting and ensure an adequate bond, BS EN 1992 also limits the minimum bar clear distance to either 20mm or the maximum aggregate size plus 5 mm or the maximum bar diameter. However, BS EN1992 does not consider the implications for durability of bar spacing and clear distance.
The FE analytical results, reported in this paper and validated against experimental observation, give a very important indicator for the durability design of concrete structures and assessment of existing deteriorated structures.
For the design of a new structure that may suffer from steel corrosion during its service life, in addition to a proper selection of concrete cover to satisfy the requirements in BE EN1992, it would be preferable for bar clear distance to be greater than 2.2 times the concrete cover in order that, if corrosion were to occur, corrosion cracks would be seen externally at an early stage of the corrosion process. However, it is recognised that it is unlikely in practice that such a requirement would take preference over the need for a small clear distance in order to control crack widths, because the latter would normally be a client requirement of the designer, and, therefore, would take precedence. Hence, an internal cracking of the concrete between the corroded bars may likely occur in the deteriorated structures with corroded steel bars.
For the assessment and management of existing corroded structures, an engineer should be aware of possible internal penetration where bar clear distance is less than 2.2 times the concrete cover, and bear in mind that an undamaged concrete surface of a structure does not necessarily mean that the structure is in a healthy state without steel corrosion.
In summary, the FE analytical results reported in this paper provide engineers with some supplementary information for durability design and assessment of concrete Cracking. The larger the bar diameter is, the later the cracks would occur on the internal surface of the concrete cover.
 An increase of bar clear distance linearly increases the corrosion to cause Internal Penetration. A small bar clear distance would be likely to cause the concrete between corroded bars to be cracked first, before corrosion cracks can be seen externally on the concrete surface.
 An increase of concrete cover linearly increases the corrosion to both External Cracking (HS) and (VB). A thick concrete cover would delay the occurrence of corrosion cracks on concrete surfaces.
 In particular, whether due to an increase of concrete cover or a decrease in bar clear distance, once the ratio of bar clear distance to concrete cover s/c is less than 2.2, the concrete between the corroded bars may be penetrated by corrosion cracks prior to cracks being visible on a structure's surface. This is a very dangerous situation for a deteriorated structure, because, even if the structure were inspected regularly, there would be no early visual indication of deterioration.
 For assessment of deteriorated structures, particular care should be taken where bar clear distance is less than about 2.2 times of the concrete cover. An undamaged concrete surface of a structure does not necessarily mean that the structure is in a healthy state without steel corrosion. External Cracking(VB)
